We investigate a new type of a two-Higgs-doublet model as a solution of the muon g − 2 anomaly. We impose a softly-broken Z 4 symmetry to forbid tree level flavor changing neutral currents in a natural way. This Z 4 symmetry restricts the structure of Yukawa couplings.
Introduction
It is well known that the measured value of the muon anomalous magnetic moment (g − 2) [1] deviates from the standard model (SM) prediction [2, 3] with more than 3σ. This large deviation has been a long standing problem in particle physics, and many models beyond the SM have been studied to solve this discrepancy [4] . Since the new experiments are planed at Fermilab [5] and J-PARC [6] , it is worthwhile to find a good benchmark model that solves this problem.
Among various scenarios, the lepton specific (Type-X) two-Higgs-doublet model (THDM) gives a simple solution to explain the muon g − 2 anomaly [7, 8] . 1 This model is known as one of the four THDMs [9] [10] [11] with a softly-broken Z 2 symmetry which is imposed to avoid flavor changing neutral currents (FCNCs) at the tree level [12] . This model contains additional Higgs bosons, namely a CP-even (H 0 ), a CP-odd (A 0 ), and charged (H ± ) Higgs bosons. Their couplings to the SM charged leptons are enhanced by a factor of tan β which is the ratio of two Vacuum Expectation Values (VEVs) of the two doublet Higgs fields. Although this enhancement can significantly reduce the discrepancy in the muon g − 2, its amount is severely constrained from precision measurements of the leptonic τ decay: τ → µν τνµ whose amplitude with the H ± mediation is proportional to tan 2 β.
Consequently, it turns out difficult to explain the muon g − 2 anomaly within the 1σ level [16, 17] .
In this paper, we propose a new type of the THDM that avoids the constraint from the τ decay without losing the advantage of the Type-X THDM. We impose a softly-broken Z 4 symmetry to forbid tree level FCNCs in a natural way as in the Type-X THDM. This Z 4 symmetry is also important to restrict the structure of Yukawa couplings. As a result, only the additional Higgs boson couplings to muons are enhanced by a factor of tan β, while their couplings to all the other SM fermions are suppressed by cot β. We call this model the "muon specific THDM (µTHDM)".
Thanks to this coupling property, the large contribution to the leptonic τ decay amplitude by tan 2 β provided in the Type-X THDM disappears in the µTHDM because of the cancellation of the tan β factor between the tau and the muon Yukawa couplings to H ± . This is a crucial difference of this model from the Type-X THDM. We will show that the µTHDM can explain the muon g − 2 anomaly within the 1σ level in the parameter space allowed by bounds from perturbative unitarity, vacuum stability, electroweak precision measurements, and current LHC data. This paper is organized as follows. After describing our model in Sec. 2, we discuss constraints on model parameters from perturbative unitarity, vacuum stability, electroweak precision measure- Table I : Particle contents and the charge assignment. ments, and current LHC data in Sec. 3. In addition, we show that the parameter space which explains the muon g − 2 anomaly within 1σ is allowed by these constraints We devote Sec. 4 for our conclusion.
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The Higgs sector of the µTHDM is composed of two SU(2) L doublet scalar fields H 1 and H 2 .
We impose a softly-broken Z 4 symmetry to prevent tree level FCNCs. The charge assignment for the SM fermions and the Higgs fields are summarized in Table I . 2 The Yukawa interaction terms under this charge assignment are given by 3 
The Z 4 symmetry restricts the structure of the lepton Yukawa matrices as follows:
We can take y eτ = y τ e = 0 by field rotations without loss of generality.
2 Our model can be extended so as to realize non-zero masses of left-handed neutrinos and large mixing angles between νµ and νe,τ which are observed by neutrino experiments. We discuss such extension without a hard breaking of the Z4 symmetry in Appendix A. 3 We discuss the possibility of other discrete symmetries which realize this Yukawa structure in Appendix B.
GeV with G F being the Fermi constant and tan β ≡ v 2 /v 1 , respectively. 4 The mass eigenstates of the scalar bosons and their relation to the gauge eigenstates expressed in Eq. (2.5) are given by the following rotations: 8) where π W ± and π Z are the Nambu-Goldstone bosons which are absorbed into the longitudinal component of the W ± and Z bosons, respectively. We identify h as the discovered Higgs boson with a mass of 125 GeV at the LHC. The mixing angle α is expressed by the potential parameters
where
The exact relation between v and GF is given in Appendix C.
The CP-conserving Higgs potential can then be described by the following 8 independent parameters:
where m H ± , m A , m H and m h denote the masses of H ± , A 0 , H 0 and h, respectively.
We introduce the following shorthand notations for the later convenience. 
where P L (P R ) is the projection operator for left(right)-handed fermions and I f = +1/2 (−1/2) for
. The masses of fermions are given by In order to solve the muon g − 2 anomaly, we need a large value of tan β to obtain significant loop effects of extra Higgs bosons as we will show it in the next section. Let us here discuss how large value of tan β we can take without spoiling perturbativity. From Eq. (2.14) we obtain
For example, t β 5000 for y µ 3. Clearly from Eq. (2.14), all the other Yukawa couplings approach to the corresponding SM value in large tan β, so that they do not cause the violation of perturbativity in this limit.
Scalar quartic couplings in large tan β regime
Next, we discuss the behavior of the Higgs quartic couplings in the large tan β regime. All these couplings (times v 2 ) can be rewritten in terms of the parameters shown in Eq. (2.11) as
21)
where X is an arbitrary number.
It is worth noting that in the limit s β−α → 1 (the so-called alignment limit [18] ), the SM-like
Higgs boson h couplings to weak bosons g hV V (V = W, Z) and fermions g hf f become the same value as those of the SM Higgs boson at the tree level, because these are given by
Because no large deviation in the Higgs boson couplings from the SM prediction has been discovered at current LHC data [19] , our choice s β−α = 1 is consistent with these results. After imposing Eqs. (2.21) and (2.22), we find
23)
24)
25)
26) 3 Muon g − 2 and Constraints on parameter space
In this section, we discuss the muon g − 2 anomaly and various constraints on the model parameters.
Muon g − 2
In the scenario with s β−α = 1 as discussed in the previous section, new contributions to a µ ≡ (g − 2)/2 purely comes from the loop contributions of H 0 , A 0 and H ± , because the couplings of h becomes exactly the same as those of the SM Higgs boson at the tree level. One-loop diagram contributions to δa µ ≡ a µ − a SM µ from additional Higgs boson loops are calculated as [20] δa
where r H,A,
For r H,A,H ± 1, we can approximate the above formulae as follows: We here briefly mention the contribution from two-loop Barr-Zee diagrams [21, 22] . In the Type-II and Type-X THDMs, the Barr-Zee diagrams also give important contributions, because the tau and/or bottom Yukawa couplings to the additional Higgs bosons can be enhanced by tan β.
As a result, these two-loop contributions can be comparable to the one-loop diagram. However, in the present model, the both tau and bottom Yukawa couplings are suppressed by cot β as seen in Eq. (2.13). Therefore, the contribution from two-loop diagrams is simply suppressed by the loop factor, so that these cannot be important. We thus only consider the one-loop diagram for the muon g − 2.
Numerical results for δa µ are shown in Fig. 1 on the m H -tan β plane. The blue and cyan regions show the regions of parameter space where we can explain the muon g − 2 within 1σ and 2σ, respectively. Here, we consider the case with H 0 to be the lightest of all the additional Higgs bosons, and we display the three cases for the mass difference between m H and m A (= m H ± ) being 80 (left), 90 (center) and 100 (right) GeV. We can see that the prediction of δa µ is not changed so much among these three cases. We find that the discrepancy of the muon g − 2 becomes 1σ by taking, e.g., m H = 300(600) GeV with tan β = 1000 (3000).
Constraints on scalar quartic couplings
The scalar quartic couplings λ 1 -λ 5 in the Higgs potential can be constrained by taking into account the following theoretical arguments. Such constraint can be translated into the bound on First, the Higgs potential must be bounded from below in any direction of the scalar field space.
The sufficient condition to guarantee the vacuum stability is given by [23] [24] [25] [26] 
Next, perturbative unitarity requires that s-wave amplitude matrices for elastic scatterings of scalar boson 2-body to 2-body processes must not be too large to satisfy S matrix unitarity. This perturbative unitarity condition is expressed as
where a 0 i,± are the eigenvalues of such s-wave amplitude matrices. In the CP-conserving THDMs, these eigenvalues are given by [27] [28] [29] [30] :
We impose the above two conditions given in Eqs. (3.10) and (3.11) at an arbitrary energy scale µ. In this case, all the scalar quartic couplings λ 1 -λ 5 should be understood as a function of µ, where their energy dependence are determined by solving renormalization group equations. In addition, we require that no Landau pole appears up to a certain energy scale, and we call this the triviality bound. From the above consideration, we can define the cutoff scale of the theory Λ cutoff in such a way that one of the three conditions, i.e., the perturbative unitarity, the vacuum stability and the triviality bounds is not satisfied. The renormalization group equations are expressed by a set of β-functions for dimensionless parameters defined by
We calculate the β-functions by using SARAH [31] . They are approximately given as follows: Here, we take into account the y t and y µ dependence, and all the other Yukawa couplings are neglected because of their smallness. In addition, we ignore higher loop contributions.
In Fig. 1 , we show the Λ cutoff dependence on the m H -tan β plane. The regions filled by green (darker green) indicate those with Λ cutoff ≤ 100 (10) TeV due to the perturbative unitarity bound or the triviality bound. In addition, the regions filled by red show those with Λ cutoff ≤ 10 TeV due to the vacuum stability condition. If we assume that the model is valid up to 10 TeV and explains the muon g − 2 within 1σ, then the mass of H 0 should be smaller than 800 GeV.
Constraints from the electroweak precision measurements
The oblique S, T and U parameters introduced by Peskin and Takeuchi [32, 33] provide a convenient formalism to discuss the constraint on model parameters from electroweak precision measurements. However, we cannot simply apply this formalism to our model, because those parameters are formulated under the assumption that new particles do not give sizable direct corrections to light fermion (including the muon) scattering processes f 1f2 → f 3f4 through vertex corrections and wave function renormalizations. The other assumption is that the new physics scale is sufficiently higher than the electroweak scale. In our setup, both of them cannot be justified.
Hence we need to modify the formulation with the S, T and U parameters by taking into account vertex corrections and wave function renormalizations. Fig. 1 where the gray region is excluded at 95% CL. The detail of our analysis is given in Appendix C.
Constraints and signatures at the LHC experiment
Finally, we discuss the constraint on parameters from current LHC data.
In our model, the quark Yukawa couplings to the additional Higgs bosons are highly suppressed by cot β in the large tan β regime. Therefore, the additional neutral Higgs bosons A 0 and H 0 cannot be produced via the gluon fusion process: gg → A 0 /H 0 . For the same reason, the gb → tH − process for the H ± production also does not work. Moreover, the vector boson fusion process: qQ → q Q H 0 is negligible, because the H 0 V V couplings are proportional to c β−α . As a result, the main production mode for these Higgs bosons is their pair productions via the s-channel mediation of a virtual gauge boson:
Because of the muon specific property, the decay branching ratios for H 0 , A 0 , and H ± with the parameter choice in Fig. 1 are given as follows:
The relative magnitude between the above two branching ratios of A 0 and that of H ± mainly depends on the values of t β and the mass difference between m H and m H ± . For example, we obtain Br(A 0 → µμ) and Br(H − → µν µ ) to be about 89(99.1)% and 96(99.7)% for m H = 300(600)
GeV, m H ± − m H = 100 GeV and t β = 1000(3000), respectively. Therefore, the collider signature of the model is multi-muon final states.
We show the production cross sections in some parameter points given in Table II . Here, the production cross section is defined as the sum of all the modes given in Eq. (3.29) at 13 TeV,
We generate UFO files [34] by using FeynRules 2.3.3 [35] , and use MadGraph 5 [36] to estimate the production cross sections. Signal events are simulated by using MadGraph 5, PYTHIA 6.428 [38] , and DELPHES 3.3.3 [39] . We compare the number of events predicted in our model with that of the CMS result for the multi-lepton signal search at 13 TeV with 35.9 fb −1 data [37]. We find the last bin of Fig. 2(b) in Ref.
[37] gives the stringent bound on the mass of H 0 because our model predicts three-muon final states with large p T , e.g., via pp → H 0 H ± → µ + µ − µ ± ν. The observed (expected) background event number in the bin is 3(3.5). The expected signal event numbers in several parameter points are shown in Table II . We use the the CLs method [40] [41] [42] , and find that the region with m H 640 GeV is excluded at 95% CL. Also, we show the integrated luminosity which is required to give the 3σ deviation from the SM expectation for each parameter point. We can see that the allowed parameter points (m H ≥ 640 GeV) could give the 3σ deviation during the LHC Run 2 experiment.
Conclusions
We have investigated a new type of the THDM, i.e. µTHDM, as a solution of the muon g − 2 anomaly. Differently from the other THDMs with a softly-broken Z 2 symmetry, this model predicts that only the muon couplings to the additional Higgs bosons are enhanced by tan β, while all the other SM fermion couplings to them are suppressed by cot β. Thanks to this coupling property, the µTHDM can avoid the strong constraint from the leptonic τ decay in contrast to the Type-X THDM which cannot explain the muon g−2 within the 1σ level due to this constraint. We find that the µTHDM can explain the muon g −2 within the 1σ level satisfying constraints from perturbative unitarity, vacuum stability, electroweak precision measurements, and current LHC data.
We have found that large tan β is required to solve the muon g − 2 anomaly within the 1σ level.
Its typical values is O(1000) with the masses of the additional Higgs bosons to be in the range of 100-1000 GeV. The large tan β is equivalent to the large muon Yukawa coupling, y µ ∼ O(1). In order to see the effect of such large Yukawa coupling, we have studied the constraints from the perturbative unitarity and the vacuum stability conditions. We have found that the smaller mass From these constraints, we conclude that the cutoff scale of the µTHDM is higher than 10 TeV but have to be lower than 100 TeV if the model solves the muon g − 2 anomaly within 1σ level.
At the end, we briefly discuss how to weaken the constraint from the multi-muon signature at the LHC and make the cutoff scale higher. One possible way is to add neutral and stable particles which couple to the additional Higgs bosons. Then new decay modes of the additional Higgs bosons can open and the rate of the multi-muon final state can be reduced. Another way is to embed this model into the context of composite THDMs [43, 44] whose typical cutoff scale is around 10 TeV.
In that case, the model should be emerged from (unknown) UV dynamics.
A Neutrino mass and mixing
The observation of the neutrino oscillation shows three flavors of neutrinos ν e , ν µ , and ν τ are mixed by large angles. However, the global symmetry in our setup might forbid the mixing ν µ with the other neutrinos. In this section, we discuss dimension five operators for the Majorana neutrino mass matrices to see if they respect some symmetries.
The dimension five operators are given as follows.
The Z 4 symmetry restricts the structure of the coefficient matrices as follows.
From these matrices, we obtain the block diagonalized neutrino mass matrix, and thus the PMNS matrix is also block diagonalized. This is inconsistent with the large mixing angle between ν µ and ν e,τ . To obtain a realistic neutrino mass matrix, we add an SU(2) triplet scalar with Y = −1 (∆) which transforms under the Z 4 symmetry as ∆ → −i∆. Using ∆, we obtain following terms,
∆ obtains its VEV because of the coupling with the Higgs field via the following softly Z 4 breaking interactions: 
Using Eqs. (A3), (A7), and (A8), we can obtain the neutrino mass matrix generated that does not contain zero-components,
It is possible to obtain realistic neutrino masses and the PMNS matrix from Eq. (A9) without hard breaking of Z 4 symmetry. We do not further discuss the neutrino physics in this paper. As long as all the particles that arise from ∆ are much heavier than all the other particles, they are irrelevant with the phenomenology at the collider experiments. In this sense, an extension which is discussed here does not affect to our analysis in the main part of this paper.
B Other discrete symmetries for µTHDM
We briefly discuss other realizations of the µTHDM. We assume a Z N symmetry to avoid FCNCs at the tree level. It might be possible to use the other discrete symmetries for the realization of the model, but it is beyond the scope here.
Similar to the Z 4 symmetry discussed in the main part of this paper, we assign non-trivial Z N charges to µ L , µ R , and H 1 . All the other fields are singlet under the Z N symmetry. The charge assignment is summarized in Table III, 
These conditions requires N ≥ 3.
The Z N symmetry with the above conditions forbids ( 
C Details on the constraints from the electroweak precision measurements
We choose α em , m Z , and √ 2G F as the input parameters. They relate to the model parameters as follows.
where We derive the deviations of the model prediction from the SM prediction in the same manner as in [32, 33] , ∆O ≡ O model − O SM . The result is complicated but summarized by the following modified version of the S, T and U parameters.
We also use s 2 0 and c 2 0 = 1 − s 2 0 that are defined by the input values as
S is the same as S defined in PDG [45] . If δg µ W /g = 0, then ,T andŨ becomes the same as T and U given in PDG, respectively.W andZ are negligible if new particles are much heavier than the electroweak gauge bosons. They cannot be ignored in our setup. In δg µ W /g → 0 limit,W andZ becomes W and V defined in [46, 47] , respectively. Using these parameters, we find the following
where j 3 and Q are isospin and electric charge of external fermions, resepctively. N c = 3 (for external quarks) or 1 (for external leptons). We also introduced the following quantities:
and δg
Zf f are only relevant for the muon sector and negligible in the other sector.
We use the values given by PDG [45] . Input parameters are
The SM predictions and the values to be fitted are given in Table IV . We construct likelihood 
and perform the χ 2 analysis.
We apply the above formula to the µTHDM. For sin(β − α) = 1, we find We vary the four model parameters (m H , m A , m H ± , t β ) and try to fit the 24 observables in Table. IV. We find that the minimum value of χ 2 is given by χ 2 min. = 23.7587 at (m H , m A , m H ± , t β ) = (59.4 GeV, 398 GeV, 402 GeV, 686). We calculate ∆χ 2 ≡ χ 2 − χ 2 min. by varying m H and t β with fixed values for m A and m H ± . The result is shown in Fig. 1 where the gray region is excluded at 95% CL.
